Although a single dose of phorbol 12-myristate 13-acetate (PMA) allowed HL-60 cells to differentiate to macrophages, a single dose of membrane-permeant diacylglycerol (DAG), 1,2-dioctanoylglycerol (1,2-DiC8), was normally isufcient to differentiate these cells. These cells metabolized 1,2-DiCs very rapidly, and 1,2-DiC8 available to protein kinase C (PKC) activation was removed from the incubation medium at a rate proportional to cell density. However, increasing the duration of exposure of HL-60 cells to this DAG either by its repeated addition or by decreasing the cell density greatly enhanced their differentiation to macrophages as Measured by CD11b expression. During this differentiation induced by DAG, neither measurable translocation nor depletion (down-regulation) of PKC was observed. When the cells were exposed to PMA, on the other hand, some PKC subspecies were instantaneously translocated to membranes and subsequently disappeared very quickly, whereas the a-subspecies was decreased to the level of w6O% of the resting cell, but thereafter its activity was maintained at a nearly constant level in membranes. After -4 hr, the PKC subspecies, once depleted, reappeared gradually in the membrane fraction.
protein kinase C (PKC) activation was removed from the incubation medium at a rate proportional to cell density. However, increasing the duration of exposure of HL-60 cells to this DAG either by its repeated addition or by decreasing the cell density greatly enhanced their differentiation to macrophages as Measured by CD11b expression. During this differentiation induced by DAG, neither measurable translocation nor depletion (down-regulation) of PKC was observed. When the cells were exposed to PMA, on the other hand, some PKC subspecies were instantaneously translocated to membranes and subsequently disappeared very quickly, whereas the a-subspecies was decreased to the level of w6O% of the resting cell, but thereafter its activity was maintained at a nearly constant level in membranes. After -4 hr, the PKC subspecies, once depleted, reappeared gradually in the membrane fraction.
The results suggest that sa activation of PKC is essential to differentiation of HL-60 cells to macrophages, and depletion of the enzyme is not needed. Perhaps translocation of PKC represents an extreme state of the active form of the enzyme, which may result from PMA action, and the a-subspecies presumably-plays a key role in HL-60 cell differentiation.
The HL-60 cell line is frequently used as a model system for investigation of the mechanism of cell differentiation, since retinoic acid and several other chemicals lead this cell to differentiate to a granulocyte, whereas phorbol 12-myristate 13- Assay of Phagocytosis. Phagocytic activity was quantitated by measuring the uptake of fluorescent microspheres (Fluoresbrite carboxylate microspheres, 1.75 um diameter; Polysciences), as described by Blair et al. (7) .
Analysis and Assay of PKC. PKCs in the soluble and particulate membrane fractions were separated by centrifugation after disruption of the cells, and the subspecies were analyzed by hydroxyapatite column chromatography under the conditions specified earlier (8) . The enzyme was assayed by measuring incorporation of radioactive phosphate of [y-32P]ATP into a synthetic oligopeptide, MBP-(4-14) (myelin basic protein, residues 4-14), which serves as a specific substrate for PKC, as described (9) .
RESULTS
Cell Differentiation by PMA and 1,2-DiCs. HL-60 cells ( induce the cells to express the receptor (Fig. 3 A and B) , whereas a large dose of the DAG (100 AM) could induce the cells to differentiate (Fig. 3C ). In contrast, at a high cell density (5 x 105 cells per ml) 1,2-DiC8 was unable to induce cell differentiation under the same conditions ( Fig. 3 D-F ). Fig. 4 shows the results of repeated additions of 1,2-DiC8 to the cell suspension at a density where cells were unable to express the receptor with a single dose of 1,2-DiC8. It is clear that repeated doses of the DAG at 6-hr intervals greatly enhanced cell differentiation. In spite ofthe increased expression of CD11b, Table 1 shows that the phagocytic activity was induced slightly in the cells treated with 1,2-DiC8, while a significant induction of this activity was observed in the cells treated with PMA.
PKC Subspecies During Differentiation by PMA. HL-60 cells contain the a-and (B-subspecies of PKC and, additionally, a structurally unidentified subspecies as described (9) . The addition of PMA to the cell suspension caused rapid translocation and a subsequent decrease in enzyme activity as shown in Fig. 5 . After 15 min, both the ,8-subspecies and a structurally unknown subspecies were almost totally depleted from the cells. After 4 hr, these two subspecies gradually reappeared in association with the membrane fraction. In contrast, the a-subspecies was translocated to membranes relatively slowly and never depleted completely during the entire period of time examined, although the activity of this subspecies once decreased to -60% of the resting cell level. After 48 hr, all PKC subspecies were restored but associated with the membrane fraction, suggesting that these PKC subspecies were all still active. Enzymologically, the characteristics of the subspecies that reappeared in the membrane fraction were indistinguishable from those of the enzymes originally present in the soluble fraction in the resting cells. The relative activities of these PKC subspecies during PMA treatment are quantitatively given in Fig. 6 . PKC During Differentiation by 1,2-DiC8. In contrast to PMA action, 1,2-DiC8 induced neither translocation nor depletion of the PKC subspecies even when added repeatedly. A typical example of such experiments is shown in Fig.  7 . In this experiment, 1,2-DiC8 (100 ,uM) was added repeatedly at 15-min intervals to the cell suspension (1 x 107 cells per ml). The distribution of PKC between the soluble and membrane fractions remained unchanged within some experimental error, and no depletion of enzymatic activity was observed. On the other hand, when the cells were treated with PMA, all PKC subspecies were translocated to the membrane fraction, and nearly half of the total activity was depleted after 1 hr as described above.
DISCUSSION
Activation of PKC has been postulated to play key roles in physiological cellular responses to a variety of signals and appears to be essential for transmembrane control of cellular functions, such as release reaction and exocytosis, receptor down-regulation, and cross-talks among various signaling pathways. Recent evidence obtained with several cell systems such as activation of T lymphocytes (5, 10) and differentiation of leukemic cell line U-937 cells (11) suggests that sustained activation of PKC is needed for long-term cellular responses such as cell proliferation and differentiation. The present studies also support the notion that sustained activation of PKC for at least several hours is necessary for gene expression related to HL-60 cell differentiation. DAG added to intact cells and possibly DAG endogenously produced after stimulation by extracellular signals are metabolized very rapidly. In fact, the formation of DAG from inositol phospholipids by either a receptor-mediated or a voltagedependent mechanism is generally transient, and the DAG thus produced in membranes is normally metabolized rapidly by DAG lipase or is converted to phosphatidic acid by DAG kinase. It has been recently shown that DAG is gradually increased at a relatively later phase in cellular responses and that this DAG is produced from signal-induced hydrolysis of phosphatidylcholine (12, 13) . Obviously, the level of DAG in membranes depends on the balance of its formation and degradation. The precise biochemical mechanism to maintain the biologically active DAG at a level sufficient to prolong PKC activation remains unclear. It has been recently found that lysophosphatidylcholine acts as an additional second messenger for long-term cellular responses such as T-lymphocyte activation (14) . The interactions among several second messengers such as lysophosphatidylcholine, unsaturated fatty acids, and DAG remain to be investigated.
The membrane-permeant DAG used for the present studies is a mixture of DL-isomers, 1,2-sn-and 2,3-sn-DiC8. The biologically active form of DiC8 for the activation of PKC should have the 1,2-sn-configuration (15) (16) (17) . Nevertheless, the DL-forms of 1,2-DiC8 added to the cells were degraded rapidly. It is possible that the degradation of DL-1,2-DiC8 is a result of the action of nonspecific esterases rather than a stereospecific DAG lipase. The results presented above seem to indicate that, although PMA frequently depletes PKC from the cell, such downregulation of the enzyme may not be directly related to the differentiation of HL-60 cells to macrophages. Rather, it is likely that the depletion of PKC from the cell appears to represent an extreme case of PKC activation, because the PMA-induced activation of PKC may be an irreversible process. PMA has been shown indeed to cause irreversible insertion of PKC into the membrane, and there appear to be several states of the active form of PKC, although the precise mechanism of this lipid-PKC interaction remains largely unknown (18) . With natural signals and also with membranepermeant DAG, however, irreversible association of PKC to membranes was not normally detectable, although some loosely bound, digitonin-nonreleasable form of PKC was produced transiently (10) . It is worth noting that, under the conditions in which HL-60 cells undergo terminal differentiation, complete depletion of the a-subspecies of PKC was never observed as described above. Presumably, the sustained and continuous activation of PKC, most likely that of the a-subspecies, is a prerequisite essential to cell differen- tiation, eventually leading to the differentiation of HL-60 cells to macrophages. It is noted, however, that under the conditions in which CD11b was expressed significantly, multiple doses of the membrane-permeant DAG did not fully reproduce the action of PMA to induce phagocytic activity. It still remains unclear whether the apparent difference between PMA and DAG actions is due to differential activation of several PKC subspecies or to an additional biological action of this phorbol ester.
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